Black-footed ferrets (Mustela nigripes) and Siberian polecats (M. eversmannii) are mediumsized (about 1 kg) mustelids with similar ecological and morphological characteristics. We measured basal metabolic rates (BMR) for both species. In contrast with the commonly stated belief that mustelids have relatively high mass-specific BMR, neither the BMR of ferrets nor that of polecats in winter was greater than standard allometric predictions for all mammals. As suggested by previous authors, we believe that our relatively lower measurements for BMR are due to our efforts to minimize stress during the experimental procedure. These results support the contention that BMR in mustelids is no different from what is expected of mammals of this body mass. Seasonal differences were found in polecat BMR (higher in summer) but not in ferret BMR. Reasons for this interspecific difference may relate to differences in natural histories of these species.
Mustelids are typically reported to have a high basal metabolic rate (BMR) compared with other mammals of similar body mass (Casey and Casey 1979; Harlow 1994; Iversen 1972; Knudsen 1979; Korhonen et al. 1983; Morrison et al. 1974; Worthen and Kilgore 1981) , although there are a few studies that suggest that this is not the case (Balharry 1994; Brown and Lasiewski 1972; Buskirk et al. 1988; Farrell and Wood 1968) . Elevated BMR in mustelids is often hypothesized to be an adaptation to cold climates (Iversen 1972; Scholander et al. 1950; Worthen and Kilgore 1981) and may also be correlated with high activity levels (McNab 1989 ) and a strictly vertebrate diet (McNab 1986 (McNab , 1989 (McNab , 1995 (McNab , 2000 . Measurements of mustelid BMR re-* Correspondent: a.l.harrington@btinternet.com ported in the literature are, however, highly variable relative to allometric predictions; estimates vary from 41% to 200% of Kleiber's (1961) relationship (Balharry 1994; Brown and Lasiewski 1972; Buskirk et al. 1988; Casey and Casey 1979; Farrell and Wood 1968; Iversen 1972; Knudsen 1979; Knudsen and Kilgore 1990; Korhonen et al. 1983; Morrison et al. 1974; Worthen and Kilgore 1981) and average 16% higher than BMR in other mammals (Knudsen 1979) . Spotted skunks (Spilogale putorius), striped skunks (Mephitis mephitis), European badgers (Meles meles), and American badgers (Taxidea taxus) do not have elevated BMR (Harlow 1981; Knudsen 1979; Knudsen and Kilgore 1990) , leading to the hypothesis that differences in BMR within this family might be, in part, based on body shape (Knudsen 1979; Knudsen and Kilgore 1990) , with the relatively high BMR of the more elongate mustelid species associated with their relatively higher surface to volume ratios. Differences in activity levels and food habits may also be explanatory factors. Skunks and European badgers both have a mixed diet, with a lower proportion of vertebrates in their diet than other mustelids. Some of the differences in BMR among mustelids may also have taxonomic bases. It has been suggested recently, primarily on the basis of molecular evidence, that skunks should be placed in their own family distinct from the other mustelids (Dragoo and Honeycutt 1997; Verts et al. 2001 ). Exactly why BMR should differ between the Mustelinae (the more typical ''long and thin'' mustelids) and other mustelids is not clear. What is clear, however, is that not all mustelids have a high BMR (Harlow 1994) .
In musteline species, the elevated BMR is particularly pronounced for smaller weasels (e.g., Mustela nivalis), and the relationship between oxygen consumption and size has been suggested to differ between mustelids Ͻ1 kg in weight and those of 1 kg or more (Iversen 1972) . Black-footed ferrets (Mustela nigripes) typically weigh 600-1,400 g (D. K. Fortenbury, in litt.) and Siberian polecats (Mustela eversmannii) 400-2,000 g (Anderson et al. 1986; Biggins 2000) . However, even within a limited size group (considering only strictly vertebrativorous mustelids comparable in size with these 2 species), empirical measurements of BMR are highly variable (both between and within species), and estimates vary from 80% to 155% of Kleiber's predicted value (Balharry 1994; Buskirk et al. 1988; Farrell and Wood 1968; Iversen 1972; Korhonen et al. 1983; Worthen and Kilgore 1981) .
How much of this variability is due to true inter-and intraspecific differences as opposed to variability in techniques used in studying them is not clear. Most independent measurements of metabolism within a single species differ by only 5% (McNab 1989) . Thus, McNab (1989) suggests that unless there are individual or population differences, differences Ͼ5% between studies imply experimental error. Buskirk et al. (1988) and Farrell and Wood (1968) suggest that mustelid BMR may not be as high as commonly thought if care is taken in carrying out measurements and if stress is minimized. Their solution to this problem was to acclimate animals to a metabolic chamber for several days before taking metabolic measurements and to minimize direct handling of the animals.
To resolve the question of whether BMR of medium-sized mustelines is really as high as the literature suggests, we measured BMR for the black-footed ferret and the Siberian polecat. BMR of these 2 species has never been reported. The data will also ultimately be useful in estimating energy requirements of these 2 species (Harrington 2001) . The black-footed ferret is classified by the United States Fish and Wildlife Service as an endangered species (Federal Register 32:4001, 1967) . The Siberian polecat (hereafter referred to as the polecat) has been described as an ''ecological and morphological equivalent'' of the black-footed ferret (hereafter the ferret- Anderson et al. 1986; Miller et al. 1988 ) and is often used as its experimental surrogate (Biggins 2000; Miller et al. 1990a Miller et al. , 1990b Powell et al. 1985) .
MATERIALS AND METHODS
We used 4 adult female ferrets and 4 adult female polecats, all of which had been reared in captivity and were part of a captive population held at the National Biological Service's (now United States Geological Survey) Pueblo Breeding Facility, Colorado. Before this study, all individuals had been permanently exposed to natural temperatures and photoperiods. Ferrets were 3-4 years old and polecats 1-2 years old. During this study, animals were held at the Painter Center, Colorado State University, housed individually in cages measuring 0.6 by 0.4 by 1.0 m, and provided with wooden nest boxes (0.38 by 0.25 by 0.21 m) with a single 7.5-cm-diameter entrance hole. Air temperature was main-tained at about 24ЊC and photoperiod at 15L:9D during summer and at about 4ЊC and 10L:14D during winter-typical conditions for Colorado. Dry cat food and water were provided ad lib.
Oxygen consumption of ferrets (mean body mass, 920 g; range, 780-980 g) and of polecats (mean body mass, 612 g; range, 581-630 g) was measured at 23-26ЊC, which is within the thermoneutral zone of both species (Harrington 2001) . Measurements were taken during summer (August and September) and winter (November and December) of 1995. Each animal was measured at 1 experimental temperature only. All experimental measurements were carried out between 1000 and 2000 h during summer and between 0800 and 1800 h during winter, hours of low activity for ferrets and polecats (Biggins 2000; Biggins et al. 1986 ). Food was provided the day before measurements were made and withheld the next day until measurements were completed; thus, all animals were assumed to be postabsorptive.
Nest boxes were constructed so that they functioned also as metabolic chambers (volume ϭ 20.91 liters). Each animal was given 4 days to acclimate to the nest box before measurements were taken. The entrance hole of each box was constructed from an airtight screw-in plug that could be inserted and tightened while the animal was resting inside. The box was removed from the cage and placed in a preset temperature-controlled cabinet (Thermotron, Holland, Michigan), taking care not to disturb the animal. Air temperature within the chamber was monitored with a thermocouple inserted through a port. Each animal was exposed to an experimental temperature for 1 h before oxygen consumption was measured.
Indirect calorimetry with an open-flow respirometer (in a positive system) was used to obtain resting metabolic rate measurements. A continuous flow of dry air was supplied to the chamber through a pump (placed before the chamber), drawing room air through a column of Drierite (W. A. Hammond Drierite Co., Xenia, Ohio), to remove water vapor before air passed into the chamber. Airflow was maintained at 2.7 liters/ min and was monitored continuously on a Brooks flowmeter (Model 1357) calibrated with a Brooks Vol-U-Meter gas calibrator (Model 1057, Brooks Instrument Division, Emerson Electric Co., Hatfield, Pennsylvania). Excurrent chamber air was passed through columns containing Ascarite (Arthur H. Thomas, Philadelphia, Pennsylvania) and Drierite, to remove carbon dioxide and water vapor, respectively, and channeled to an oxygen analyzer (Model S-3A, Applied Electrochemistry Inc., Sunnyvale, California). This is ''condition B'' of Hill (1972) . The percentage of oxygen in air flowing out of the chamber was monitored continuously on a strip chart recorder.
An animal was removed from the chamber as soon as a stable (Ϯ0.1%) reading was obtained for Ն10 min after the initial 1-h acclimation period. BMR was determined from the mean oxygen consumption during that period. Because animals in the sealed respirometers were not visible, wide fluctuations (approximately 5-30%) in oxygen consumption recordings were assumed to mean that an animal was active, and were, therefore, not included in calculations. An average of 2-3 readings over 1-2 h was used when only brief (5-10 min) stable readings could be obtained (as was the case in 3 of 16 measurements). The length of time required in the chamber to satisfy these conditions was recorded as a possible indicator of stress. Oxygen consumption (in ml O 2 g Ϫ1 h
Ϫ1
, STPD) was calculated using equation 4 of Hill (1972) .
Body temperature (T b ) was monitored during metabolic measurements to ensure that animals were maintaining constant body temperature and not undergoing torpor bouts or sleep-induced hypothermia, as has been reported to occur in American marten, Martes americana (Buskirk et al. 1988 ). Temperatures were taken using internal implanted temperature-sensing transmitters (Model LPT2700, Wildlife Materials, Carbondale, Illinois) for summer measurements only because the transmitters failed prematurely before the winter measurements were made. We did not attempt rectal temperature measurement because animals were not routinely handled and we judged that such methods were unlikely to provide an accurate measure of T b in a calm state.
Basal metabolic rate measurements were compared with allometric predictions for mammals generated by the equations of Kleiber (1961) :
and McNab (1988) : 
In both equations, m is body mass in grams. A single value for body mass obtained in the summer at the beginning of the study was used for each individual in all calculations. This minimized handling stress and provided a more lean body mass. Thus, BMR measurements expressed as milliliters of oxygen per gram per hour are in all cases milliliters of oxygen per gram of ''summer'' body mass per hour. Statistical analyses were carried out using MINITAB software (Ryan et al. 1985) . Differences between empirical and predicted values and between seasons within species were tested using paired t-tests. Differences between species were tested using the Student's t-test. Tests were 2-tailed unless otherwise stated. Statistical significance was accepted at P Յ 0.05.
RESULTS
Basal metabolic rate for the ferret did not differ between summer and winter (t ϭ 0.92, d.f. ϭ 3, P ϭ 0.42; Time required to obtain a stable oxygen consumption reading was 1.3-3.8 h (X ϭ 2.6 h) and 4.1-7.3 h (X ϭ 5.9 h) for ferrets and polecats, respectively, in summer, and 0.8-7.6 h (X ϭ 4.6 h) and 2.6-7.6 h (X ϭ 5.4 h) for ferrets and polecats, respectively, in winter. The interspecific difference was statistically significant in summer (t ϭ 3.62, d.f. ϭ 5, P ϭ 0.02) but not in winter (t ϭ 0.39, d.f. ϭ 5, P ϭ 0.71). No significant decrease in body temperature was detected during metabolism measurements for either ferrets (beginning T b Ϫ end T b ϭ 0 Ϫ 1.5ЊC; 1-tailed t ϭ 1.57, d.f. ϭ 3, P ϭ 0.89) or polecats (beginning T b Ϫ end T b ϭ Ϫ1.4 Ϫ 0.1ЊC; 1-tailed t ϭ 1.66, d.f. ϭ 2, P ϭ 0.12) in summer (Harrington 2001) .
DISCUSSION
In our study, metabolism of ferrets and polecats (in winter) was within the range expected for like-sized mammals based on both Kleiber's (1961) and McNab's (1988) predictions. Similarly, BMR of the pine marten, Martes martes (Balharry 1994) , (Brown and Lasiewski 1972) conform to predictions based on size alone. In this study we duplicated the methods of Buskirk et al. (1988) and suggest that the results (low in comparison with much of the mustelid literature) were due to reduced stress associated with the familiar respirometer chamber, as in the study by Buskirk et al. (1988) on American marten. Given the apparent correlation between experimental methods and results in relation to predicted values (Table 2) , and the increasing number of studies in which BMR is no higher than predicted, it appears that claims of ''greaterthan-expected'' metabolism as the norm for mustelids are not warranted. Our results support the contention that, overall, mustelid BMR is no different from other mammals of similar size. Additional studies of mustelids of a range of different sizes are needed to test this further. Metabolism of ferrets and polecats during winter was lower than was predicted by Kleiber (1961) . However, Kleiber's relationship (equation 1) is based on BMR in domesticated species and may be less appropriate for these comparisons than is McNab's (1988) allometric prediction because it (equation 2) is based on a larger and more recent sample of wild species (McNab 1997) . This suggests that ferrets and polecats in winter have metabolic rates in line with allometric predictions (98.8-108.9% of the predicted value; Table 1 ). Polecat metabolism in summer, in contrast, was 130% of McNab's (1988) predicted value (Table 1) .
Interspecific differences.-Ferrets were significantly heavier than polecats (t ϭ 6.40, d.f. ϭ 3, P Ͻ 0.01, 1-tailed test) and, thus, would be expected to have a lower mass-specific BMR. However, because the same value for body mass was used in both summer and winter for calculation of massspecific metabolism (i.e., ferrets were heavier than polecats in both summer and winter) and because there was no difference detected in mass-specific BMR between the species in winter, the difference between the 2 species in summer does not seem to be explained by mass alone.
Why polecat metabolism is higher than expected in summer but not in winter when there is no seasonal difference in ferret metabolism is unclear but may relate to interspecific differences in natural history and life-history strategies. McNab (1980 McNab ( , 1989 suggests that several aspects of reproduction in eutherians are associated with BMR (independent of body mass) and that high BMR may be associated with increased fecundity. Polecats rear 8-9 young (Danilov and Tumanov 1975) compared with an average of 3.3 young per ferret litter (T. W. Clark, in litt.). Neither species uses delayed implantation. The high BMR in polecats in summer, therefore, correlates with a high reproductive rate (in comparison with ferrets, which have a lower reproductive rate, in terms of litter size, and have a lower BMR in summer than do polecats).
Both species exist in similar prairie habitats with similar climates, and both rely heavily on rodent prey (T. W. Clark, in litt.; Clark et al. 1986; Miller et al. 1996) . Prairie dogs, the main ferret prey Sheets et al. 1971) , weigh 500-1,400 g (N. S. Foster and S. E. Hygnstrom, in litt.); susliks, the main polecat prey (Stroganov 1962) , weigh 300-400 g (Ognev 1963 ). Both ferrets and polecats will dig up hibernating prey during winter Sheets et al. 1971) , but polecats commonly survive on smaller prey (e.g., Microtus, Clethrionomys, Mus, and Sorex) during winter (T. W. Clark, in litt.) . Given that polecats consume smaller prey than do ferrets and have larger litters to feed, they may be required to maintain a higher activity level (i.e., hunt longer and more often) than ferrets. Activity level is also correlated with BMR (McNab 1989) ; thus, high BMR may also be required to facilitate a higher activity level at certain times of the year. Reducing BMR to a normal level (as predicted based on body weight and as is observed in ferrets) in winter may be advantageous for a species that depends on an unpredictable food source in winter. Mustelines do not store metabolic fuel in the form of excess body fat during winter (Harlow 1994) , and it is possible that a reduced BMR compensates for this during periods of inactivity. A low BMR in both species would result in low energy requirements when resting within their thermoneutral zone (such as may occur when resting in burrows -Harrington 2001; Taylor 1993) . Thus, the amount of food required during this time would be reduced, as would the time spent above ground hunting and exposed to cold ambient temperatures. This is consistent with evidence that both ferrets and polecats remain underground for long periods, particularly during harsh weather conditions (Biggins 2000; Biggins et al. 1986; Richardson et al. 1987) . Other differences affecting BMR may exist between the species or their habitat (or both). Differences in environmental productivity, for example, are associated with interspecific differences in BMR in Peromyscus (Mueller and Diamond 2001 ).
An alternative explanation that higher than normal stress levels in polecats during summer measurements may contribute to an elevated metabolism is not supported. Polecats were noticeably more active than ferrets in captivity, and they required a longer time to obtain stable oxygen consumption readings in summer. However, absence of a difference in time spent in the chamber between the 2 species in winter was not because the polecats spent less time in the chamber in winter but because ferrets spent more time in the chamber (although this was not true for all individuals; i.e., on average, both polecats and ferrets spent a long time in the chamber in winter, ferrets spent less time in the chamber in summer, whereas polecats spent a similar amount of time in the chamber in summer and winter). If metabolism was positively correlated with length of time in the chamber, we should have found increased metabolism in ferrets in winter and no difference between summer and winter BMRs in polecats.
The only report that we could find of seasonal differences in BMR in other mustelids was a study of American mink that also described a higher metabolism in summer than in winter (Perel'dik and Titova 1950 cited in Farrell and Wood 1968) . It remains unclear why BMR should differ seasonally between ferrets and polecats. The question deserves further attention.
ACKNOWLEDGMENTS
This work is from a thesis by L. A. Harrington submitted to the Academic Faculty of Colorado State University in partial fulfillment of the requirements for the degree of Master of Science. The research was approved by the Animal Care and Use Committee at Colorado State University and the work on black-footed ferrets carried out under permit PRT-704930 held by Region 6 of the United States Fish and Wildlife Service (subpermit 94-27). We are extremely grateful to B. Wunder for the use of his laboratory and for helpful comments on an earlier version of this manuscript. We also thank J. Godbey for assistance with the design of the metabolism boxes, E. Krubsack for construction of the boxes, and P. Kennedy for helpful advice and comments throughout the project. We also thank 2 anonymous reviewers whose comments resulted in substantial improvements to the article.
LITERATURE CITED

